Alpha adrenergic blockade with phentolamine (10 jiM) reduces the glucagon response to severe glucopenia (from 150 to 25 mg/dl) to 22% of the control values in the isolated perfused rat pancreas. Propranolol (10 MM) had no significant effect. Neither alpha nor beta adrenergic blockade reduced the magnitude of glucopenic suppression of insulin secretion, but phentolamine increased insulin levels before and during glucopenia. The pattern of somatostatin secretion in these experiments resembled that of insulin. Depletion of norepinephrine from sympathetic nerve endings by pretreatment with 6-hydroxydopamine lowered the pancreatic norepinephrine content to less than 20% of control values and reduced the glucagon response to glucopenia to 69% of the controls.
Introduction
Increased glucagon secretion normally constitutes an important component of the vital defense against glucopenia (1, 2) , but the mechanism of this response is unclear. Adrenergic mediation is suggested by the facts that infusion of catecholamines (3) (4) (5) (6) , stimulation of the sympathetic nerves to the pancreas (7) (8) (9) and stimulation of the ventral medial nucleus of the hypothalamus (10) all increase glucagon secretion, and that glucopenia stimulates glucagon and norepinephrine release from the isolated canine pancreas (I 1). Nevertheless, in man adrenergic blockade has not been found to reduce the glucagon response to hypoglycemia (12) .
In this report we present evidence that in the rat the glucagon response to glucopenia is to a large extent adrenergically mediated and that its control is via local intrapancreatic control rather than through the central nervous system.
Methods
Perfusion experiments. The pancreata of male Long-Evans rats were isolated and perfused using the system of Grodsky and Fanska (13) .
After a 27-30-h fast, the rats were anesthetized with 50 mg/kg of sodium pentobarbital injected intraperitoneally. 15 min later the pancreas with an adjacent 5-cm portion of the duodenum was isolated and transferred within 35-40 min to a thermostatically controlled plexiglas perfusion chamber in which the celiac trunk and the portal vein were cannulated. With the external surface temperature of the pancreas maintained between 37.0 and 37.50C, nonrecirculating perfusion was begun at a constant flow rate of 3.6 ml/min using a KrebsRinger bicarbonate buffer supplemented with 4.5% (wt/vol) of dextran-T-70, 1% (wt/vol) of bovine serum albumin (A-5 128, Sigma Chemical Co., St. Louis, MO), 10 mmol arginine, 5 mmol sodium pyruvate, sodium fumarate, and sodium glutamate. The P02 was maintained between 450 and 550 mm Hg by bubble oxygenator using a gas mixture of 95% 02 and 5% CO2. The perfusate pH was maintained between 7.35 and 7.45. In these experiments the glucose concentration was either 150, 120, or 100 mg/dl for the first and last 10 min of the perfusion and the concentration was 25, 60, or 80 mg/dl, respectively, during the intervening 15 min of the 35-min experiments. In half of the experiments 10 ,M phentolamine and/or 10 1M propanolol was present in the perfusate throughout the entire experiment. A 10-min equilibration period preceded each experiment.
In one group of perfusion experiments the pancreas was obtained from rats pretreated with 50 or 75 mg/kg of 6-hydroxydopamine administered intravenously on two occasions 48 h apart. Experiments were conducted 3-5 d after the second injection.
Insulin was measured by the Herbert modification (14) of the method of Yalow and Berson (15) . Glucagon was measured by a previously described method using antiserum 30K (16 
Results
Effect of alpha and beta adrenergic blockade on the glucagon, insulin, and somatostatin response to hypoglycemia. In eight control experiments, a decline in perfusate glucose concentration from 150 to 25 mg/dl elicited a rise in mean glucagon levels to a peak more than three times the base-line levels within 3 min after the start of the glucopenic period. Glucagon levels remained elevated throughout the glucopenic period and returned promptly to base-line levels when the glucose level was restored to the initial value (Fig. 1 A; Table I ). Alpha adrenergic blockade with phentolamine (10 uM) reduced the response to glucopenia to 22% of control values ( Table I ). Propanolol (10 MM) had no significant effect.
Glucopenia suppressed insulin secretion in the normal rat pancreas from a mean baseline above 300 MU/ml to -20 ,U/ ml during the period of glucopenia (Fig. 1 B ; Table II) . Alpha adrenergic blockade with phentolamine significantly increased base-line insulin values but did not reduce the magnitude of insulin suppression by glucopenia ( Fig. 1 B) . In fact, apparent enhancement of glucopenic suppression of insulin secretion was observed in the phentolamine perfusion experiments (Table  II) , although the difference in baselines makes such an interpretation questionable. However, even when maximally suppressed, the minimal level of insulin secretion during adrenergic blockade was five times that of control experiments. Propranolol also caused a significant elevation in the base-line insulin values but did not alter the magnitude of insulin suppression. Interestingly, a significant increase in insulin was observed during propranolol perfusion during glucopenia. The augmented glucopenic suppression of insulin secretion in these experiments would appear to be secondary to the striking elevation of the baseline.
Somatostatin was also measured in these experiments to determine if reduction in glucopenia-induced glucagon secretion by phentolamine might be secondary to diminished suppression of D-cell secretion. Phentolamine did not reduce the magnitude of the suppression of somatostatin by glucopenia (Fig. 2) . As in the case of insulin, the base-line levels of somatostatin were higher during phentolamine perfusion (Fig. 2) and the minimal rate of somatostatin secretion during suppression remained higher than that of the controls. Effect of6-hydroxydopamine pretreatment with and without alpha adrenergic blockade on the glucagon and insulin response to glucopenia. To test further whether the glucagon response to glucopenia is adrenergically mediated, pancreata of rats pretreated with 6-hydroxydopamine were perfused at glucose concentrations of 150-25-150 mg/dl. Their norepinephrine content determined after perfusion averaged 91±11 ng/g wet wt, significantly below that of control rats (555±45 ng/g; P < 0.001). Their glucagon response to glucopenia (Fig. 3 A) was reduced to 69% of controls (P < 0.01) (Fig. 3 A; Table I ) and was significantly greater than that induced in normal rat pancreata by combined alpha and beta adrenergic blockade (P < 0.001) (Fig. 3 A; Table I ). Phentolamine perfusion of pancreata from the 6-hydroxydopamine-pretreated rats lowered the glucagon response to 13% of controls but did not completely abolish it (Fig. 3 A; Pretreatment with 6-hydroxydopamine reduced the baseline insulin levels but in contrast to the effects ofthe adrenergic blockers did not prevent complete suppression by glucopenia (Fig. 3 B; Table II ). Phentolamine raised the base-line in 6-hydroxydopamine-pretreated pancreata, as did combined phentolamine-propranolol perfusion of normal pancreata, but did not reduce glucopenic suppression of insulin secretion (Table II; Fig. 3 B) .
Effect of adrenergic blockade on the glucagon and insulin response to less severe glucopenia. To determine if adrenergic mechanisms are involved in the glucagon response to less severe declines in glucose, pancreata were perfused at glucose concentrations of 120-60-120 ng/dl and 100-80-100 mg/dl. In the control experiments the decline from 120 to 60 mg/dc elicited a doubling of glucagon secretion (Fig. 4 A) . Combined alpha and beta blockade reduced the glucagon response to 21% of the controls.
By contrast, a decline in glucose from 100 to 80 mg/dl elicited a rise of only 11% in glucagon secretion in the control experiments. This small change, which was not statistically significant, was not influenced by combined alpha and beta adrenergic blockade (Fig. 5 A) .
Insulin levels during combined alpha and beta adrenergic blockade were elevated both during the base-line period and during glucopenic suppression but the magnitude of insulin suppression during moderate or slight glucopenia was not reduced (Figs. 4 B and 5 B 
Discussion
Alpha adrenergic blockade and 6-hydroxydopamine pretreatment significantly reduce the glucagon response to glucopenia in the isolated rat pancreas. This demonstrates the existence of an adrenergically mediated glucagon response to hypoglycemia in the rat, and indicates that glucagon release can be regulated from within the pancreas rather than from regions in the hypothalamus or elsewhere in the central nervous system. Alpha adrenergic blockade reduced glucagon secretion in response both to a profound reduction of glucose concentration from 150 to 25 mg/dl and to a moderate reduction from 120 to 60 mg/dl. However, it did not significantly alter the small glucagon response to a change in glucose concentration from 100 to 80 mg/dl, suggesting that the alpha adrenergic influence over glucagon secretion may not be important when the decline in glucose concentration is small and within the normal range of physiologic variation.
No comparable evidence of local intrapancreatic alpha adrenergic control of the insulin response to glucopenia was obtained. Base-line insulin levels were significantly increased by phentolamine and to a lesser degree by propanolol infusion, as earlier work had demonstrated (6, 21) , but there was no clear reduction in the magnitude of glucopenic suppression of insulin secretion during adrenergic blockade. Neither the site nor the mechanism of intrapancreatic adrenergic control of glucagon secretion was determined in these studies. Perhaps glucopenia provokes a local release of norepinephrine from sympathetic nerve endings of the islets and this provides the major stimulus to glucagon secretion during severe and moderate glucopenia. Indeed, glucose deprivation causes a significant increase in release of both norepinephrine and glucagon in the isolated canine pancreas (I 1). In addition, the demonstration of adrenergic nerve endings in contact with glucagon-secreting cells, which confirms earlier studies (22) , provides an anatomical basis for a functional relationship. However, there was no clearcut morphologic evidence of preferential innervation of glucagon cells relative to insulin cells to account for the more profound influence of adrenergic blockade on glucagon secretion. The persistance of 22% of the glucagon response to glucopenia despite adrenergic blockade was not explained by these studies. Perhaps the adrenergic blockade was not complete or non-adrenergic neurotransmitters played a role. Other mediating factors such as a direct effect of glucopenia or higher levels of insulin and/or somatostatin during the adrenergic blockade might also explain the results. The magnitude of insulin and somatostatin suppression was not diminished by adrenergic blockade, but the absolute levels of both hormones were higher.
Depletion of norepinephrine stores in sympathetic nerve endings by pretreatment with 6-hydroxydopamine reduced pancreatic norepinephrine content to 16% of the control rats, while the glucagon response of such pancreata to glucopenia was reduced to only 69% of controls. The apparent discrepancy may reflect the fact that the islets constitute only a small fraction of total pancreatic tissue receiving sympathetic innervation. Alternatively, the sensitivity of A cells to residual norepinephrine might have increased as a consequence of depletion of the neurotransmitter. Although in man (23) and in dogs (5) the glucagon response to catecholamines appears to be mediated via beta adrenergic receptor activation, in rats the alpha receptor appears to be operative. Recent studies also suggest an alpha adrenergic effect in dogs (24) . The glucagon response to scorpion toxin, a potent stimulus of norepinephrine release from nerve endings, is blocked in the isolated rat pancreas by the alpha blockers phentolamine and phenoxybenzamine (25) , as is the glucagon response to exercise (26) . The 6-hydroxydopamine experiments suggest that the phentolamine effects on glucagon secretion represent true alpha adrenergic blockade rather than some unidentified effect of the agent.
If these findings are applicable to other species, their implications may be substantial. The demonstration of a shows at higher magnification a labeled adrenergic nerve terminal (asterisk) in direct contact with an A-cell. X 12,000; inset: X 21,000.
locally controlled glucopenia-responsive adrenergic system in the pancreas would explain the failure of splanchnic nerve section in the calf (27) and cervical cord transection in man (28) to prevent the glucopenic glucagon response. The failure of adrenergic blocking agents to reduce the glucagon response to hypoglycemia in man might reflect the fact that an intravenous infusion of phentolamine in man at a rate of 5 IsM/ min would deliver to the islets a concentration far below the l0-IAM concentration of phentolamine perfused directly into the rat pancreata. Alternatively, species differences might explain the discrepancy. x.,, segments of intestine has been reported previously (29) and attributed to local norepinephrine release from nerve endings induced by the glucopenia. This finding, together with the present results, may indicate that local control of norepinephrine release at target cells during hypoglycemia is a general phenomenon that could play a role in the vital response to glucopenia of tissues throughout the body. The fact that hypoxia also stimulates glucagon release via an alpha adrenergic mechanism (30) , raises the possibility that ATP depletion is responsible for the release of stored norepinephrine in both circumstances.
At a clinical level if peripheral adrenergic control of glucagon release during glucopenia exists in man, the loss of an alpha cell response to hypoglycemia frequently observed in type I diabetic patients without evidence of generalized autonomic neuropathy (31) (32) (33) may be the result of a local change in the sympathetic innervation of A cells secondary to anatomical alterations of the islets produced by the inflammatory and destructive processes in the islets.
